This study investigates the influence of gender on feeding and habitat niches in the ocypodid sentinel crabs Macrophthalmus convexus and M. definitus feeding on a mudflat in the Wakatobi Marine National Park, Indonesia. Male M. convexus possess sub-equal chelae that are considerably larger than those of females and of those of both genders of M. definitus. Habitat location, food (Chl a) biomass index in microalgae and seagrass mats on muddy sediments, faecal material, and feeding rates were analysed in females and males of both species throughout the lunar cycle in July and August 2002. Food biomass content was significantly higher in the upper than in the lower mudflat (P ¼ 0.008). The particle size of faecal material did not vary between species or between genders of M. definitus, but the faeces contained larger particles in males of M. convexus compared with females and both gender of M. definitus. Macrophthalmus convexus predominantly inhabited pools on the upper and mid mudflats, whereas M. definitus was found in muddy sea-grass substrates on the mid and lower mudflats. Crabs were observed to emerge for feeding only on ebb tide during daylight. Macrophthalmus convexus showed significantly higher scoop rates than M. definitus (P , 0.05) during full and new moon. Feeding rates in male M. convexus were also significantly lower than of females (P , 0.001) throughout the lunar cycle. In contrast, feeding motions in M. definitus were generally variable and not gender-specific. However, males showed significantly reduced scoop rates in this species on the lower mudflat during the first quarter moon (P , 0.001). Scoop rate is not the only process affecting potential ingestion rate, however, in that several 'pinches' of sediment may be made by the chela before it is lifted towards the mouthparts.
INTRODUCTION
In decapod crustaceans, different structures of chelae and mouthpart appendages, due to diversified specialised function and life style, have been described in several different groups (Davis, 1987; Schuwerack, 1993; Seed and Hughes, 1995; Mariappan et al., 2000) . These morphological differences may have evolved in relation to feeding, locomotion, predation, territoriality and changes in environmental conditions (Smith and Palmer, 1994; Seed and Hughes, 1995; Mariappan et al., 2000) . So for instance, detritivorous crabs possess small slender chelae while their carnivorous counterparts, like Ocypode spp. (see Seed and Hughes, 1995; Mariappan et al., 2000) , are equipped with enlarged chelae to facilitate predation, and spatulate chelae or those with spiny setae, found in Grapsus spp. and Aratus pisonii, serve to scrap algae from rocks or mangrove leaves respectively (Hartnoll, 1965 (Hartnoll, , 1975 Schuwerack, 1993) . However, chela morphology is often a compromise between complex evolutionary pressures (West et al., 1991; Lee and Seed, 1992; Schuwerack, 1993; Seed and Hughes, 1995) with the size, shape and colour of chelae being the key factors for the adaptation to multi-functional diversity of these appendages.
In heterochelous sexually dimorphic fiddler crabs (Uca), for instance, the larger major or master chela, which can be up to 50% of the animal's total body weight, is used for aggression and courtship displays (Weissburg, 1992) , but poses a constraint during feeding (Valiela et al., 1974; Weissburg, 1992 Weissburg, , 1993 Mariappan et al., 2000; Koga et al., 2001) . As a consequence, male Uca feed more slowly and for longer with only a single small minor chela compared to their female counterparts, which use both of their small chelae and display up to 50% higher scoop rates (Valiela et al., 1974; Caravello and Cameron, 1987; Weissburg, 1992 Weissburg, , 1993 Weis and Weis, 2002) . Additionally, spatial and temporal patchiness of food, sediment grain size and food gradients in habitats of detritivores may enhance further nutritional stress in male Uca (Weissburg, 1992 (Weissburg, , 1993 Wu et al., 2001) .
Uca has become a prominent model for studies on gender-specific feeding behaviour, optimal foraging and energy maximisation in response to chela morphology (Weis and Weis, 2002) . This is partly because of the species high availability or abundance, its well-studied natural history and its adaptation to narrow niches at high species density and its intra-genus diversity (Valiela et al., 1974; Warner, 1977; McLaughlin, 1982; Zimmer-Faust, 1987; Weissburg, 1992 Weissburg, , 1993 Weis and Weis, 2002) . The much lesser-known ocypodid sentinel crabs (Macrophthalmus), although also sexually dimorphic, differ from the fiddlers in that both sexes have subequal chelae. Female chelae, like in Uca, are tiny. Those of the males, however, are both medium to large in size and are used both in feeding and in agonistic and courtship behaviour (Fielder and Jones, 1978; Zucker, 1988) . Chela form especially in male Macrophthalmus has therefore presumably to be a compromise between these two requirements whereas in the related Uca each chela is specialised to carry out only one of the two functions. The effect of this form of sexual dimorphism on feeding in sentinel crabs has not been investigated and forms the subject of this paper, which considers M. convexus and M. definitus representing the two main subgenera of Macrophthamus (Barnes 1967 ). Since few data are available on the biology of these species, information on their activities and habitats has also been provided where relevant. The main objectives of this study were to investigate how (a) equi-sized large or major chelae may affect feeding behaviour in male M. convexus, (b) whether or not the feeding motions in M. definitus were gender-specific with similar sized smaller chelae in both genders, and (c) to compare scoop rates of both Macrophthalmus species with those of heterochelous sexually dimorphic Uca spp. The relationship of chelae morphology, mudflat niche and food concentration is also briefly discussed.
MATERIALS AND METHODS

Study Site
The study was carried out on the intertidal mudflat at Ambeua, Pulau Kaledupa, one of the Tukangbesi Islands within the Wakatobi Marine National Park, Sulawesi Tenggara, Indonesia (S 05829.2359; E 1238 45.3759). The study site was protected from direct exposure to ocean swells and was subject to a tidal range of 6 2m, with a respective mean low tide of 1.5 m 6 0.4, 1.3 m 6 0.4, 1.2 m 6 0.6, 1.2 m 6 0.5 during the lunar cycle of 14th July to 15th of August 2002 (first quarter, full moon, last quarter and new moon) at the nearest tide station, Station 5297 Wadjo Baai, Buton Island, Sulawesi Tenggara. At Ambeua, Macrophthalmus and Uca spp. coinhabit a mudflat, from where M. convexus was originally collected during the Snellius Expedition 1929 /1930 (Barnes 1971 . Two sentinel species, M. convexus and M. definitus, identified using Barnes (1967 Barnes ( , 1971 , were observed to inhabit burrows in close proximity to each other and to those constructed by the fiddler crab species, Uca dussumieri, U. vocans and U. tetragonon (Barnes and Schuwerack, personal observation). The feeding behaviours of these Uca species were studied throughout the lunar cycle in June 2002 (Weis and Weis, 2002) . A third sentinel crab, M. latreillei, was also present in low density.
The mudflat was subdivided into an upper, mid and lower area, approximating high, mid and low tide levels, to assess the dynamics over the whole shore.
Analysis of Food Biomass and Faecal Material
Food biomass index provides a relative estimate of Chlorophyll a (Chl a index), i.e. living plant material, which includes resident diatoms and drift phytoplankton (Zimmer-Faust, 1987) . Three replicate 5 mm deep minicores (1 cm diameter) of unforaged muddy substrate mixed with algae and seagrass were taken from the upper, mid and lower mudflat, which represented a depth to that harvested by adult animals (Schuwerack and Barnes, personal observation). Sediment samples size and volume were kept constant. The biomass was extracted with 3 ml of 100% ethanol (C 2 H 5 OH) and stored in darkness at 48 C for 12 hrs. The supernatant (2 ml) was carefully pipetted out and diluted in 4 ml of ethanol and absorbance, expressed in arbitrary units, was measured at 665 nm on a spectrophotometer against an ethanol blank. Faeces from medium-sized (n ¼ 5; carapace width ¼ 2 cm) adult feeding M. convexus and M. definitus of both sexes were collected from individuals isolated in sterile pots with local sea water and preserved in glutaraldehyde for subsequent analysis in UK. Faecal material and particle size were observed using a Leitz Ortholux II with a Leica DC Viewer digital camera an software.
Analysis of Feeding Motion or Scoop Rates in the Sentinel Crabs
Scoop rates of feeding M. convexus and M. definitus with a carapace width of approximately 2cm, were quantified by counting the number of scoops made by males and females per minute (scoops min À1 of the feeding chela). Data were collected every other day during daylight throughout the lunar cycle in July and August 2002, where the first quarter was (a), full moon (b), second quarter (c) and new moon (d).
Statistical Analysis
Data was summarised as means and 6 SD for Chl a index and graphically expressed as means and 6 SD (Figs. 2 and 3 ). Differences in food biomass concentrations were examined using ANOVA. The normality of observations of scoop rates min À1 was assessed. The differences in scoops min
À1
between species of crabs, gender and comparing scoop rates of groups of crabs between mudflats were assessed by using a Student's t-test or a MannWhitney Test, depending on approximate normality and sample size. A significance level of a ¼ 0.05 was used in all tests of hypothesis.
RESULTS
The mean food biomass concentration showed a decrease from the upper (Chl a index: 0.84 6 0.26/cm 2 ) to the mid (Chl a index: 0.39 6 0.19/cm 2 ) and lower mudflat (Chl a index: 0.37 6 0.09 cm 2 ), with significantly higher biomass concentrations on the upper compared with the lower mudflat (P ¼ 0.008; ANOVA).
There were no observed differences in faecal material of the diet of M. convexus and M. definitus. Gender-and species-specific differences in the size of the material of faeces though occurred, where faecal material of M. convexus males (Fig. 1a) was profoundly larger than that of females (Fig. 1b) and also of M. definitus (not shown). Crabs were observed emerging from their burrows to feed only on ebb tide during daylight and often foraged away in the open from their burrows or shelter under algal mats.
The overall scoop rates of M. convexus were significantly higher than those in M. definitus (P , 0.05; Student's t-Test, Figs. 2 and 3) during full and new moon. In contrast, at first and second quarter moon scoop rates did not differ between both species (P ¼ 0.93; P ¼ 0.42; Student's t-Test; Figs. 2 and 3). Significantly higher scoop rates were also recorded for female M. convexus compared with males of this species (P ¼ 0.001; Figs. 2 and 3) throughout the lunar cycle. Gender-specific differences in scoop rates within M. definitus were only found on the lower mudflat during first quarter moon (P , 0.001; Mann-Whitney Test; Figs. 2 and 3 ).
DISCUSSION
General Observations on the Life History of M. convexus and M. definitus
Macrophthalmus convexus and M. definitus live in burrows, built at an angle, or simply take shelter under the surface mats of algae and seagrass, Halophila ovalis. Both species predominantly feed during ebb tide, similar to Uca spp. on the same mudflat (Weis and Weis, 2002) . Whereas larger individuals wander within their zonal band of the mudflat, juvenile crabs feed in the vicinity of their burrows. Macrophthalmus and Uca species live in close proximity, but showed species-specific patterns of zonation along the mudflat similar to those found in mangrove habitats (Schuwerack, 1993) and temperate intertidal zones (Seed, 1985; Schuwerack, 1993; Barnes and Hughes, 2004) . On the upper mudflat larger specimens of M. convexus occupied burrows at low density in the vicinity of small residual seawater pools, where biomass levels, i.e., food concentrations, were highest and temperatures during ebb tide between midday and 4 pm could exceed 408C. Several other aquatic species, including juvenile rays, tolerated equally high temperatures in pools of mangrove flats on the neighbouring island (Bennett et al., personal communication) . Macrophthalmus convexus shared the upper mudflat with Uca tetragonon and U. vocans, of which the latter constructed burrows on dryer patches compared with those of the former species.
Sentinel and fiddler crabs were most abundant on the mid mudflat where food biomass were significantly less than on the upper mudflat (Barnes and Schuwerack, personal observation). However, this part of the mudflat experienced less extreme temperature changes, being submerged for longer periods, and pools remaining cooler throughout low tide. Both Macrophthalmus spp. spent most of their time feeding at ebb tide with brisk short periods of mating varying between 5 to 90 sec. (Schuwerack, personal observation) , considerably shorter than noted for M. hirtipes (mean duration of mating: 23 min) (Jennings et al., 2000) . This may be due to the fact that the data collected on M. hirtipes (Jennings et al., 2000) derived from laboratory observations in the absence of burrows and tides. During this study, generally sentinel and fiddler crab activities and their duration in the field seemed to be affected by the changing of the tidal state (Barnes and Schuwerack, personal observation). Both M. convexus and M. definitus frantically switched between activities, including feeding, mating attempts or standing still with raised eye stalks at incoming flood tide, minutes before seawater covered their habitats. Similarly, Uca tetragonon showed reduced scoop rates and a decrease in total activity budgets with incoming flood tides (Weis and Weis, 2002) . Furthermore, with the onset of spring tide, i.e. at full moon during the second week, scoop rates of M. convexus and M. definitus were reduced (see Figs. 2 and 3) .
Males of M. convexus seemed to spend more time on aggression displays than M. definitus. Observations indicated that aggression displays were predominantly with U. vocans and indicated that M. convexus indirectly provided protection to M. definitus. The former species was present at high density, which in turn may reduce the threats of predation, but this merits further investigation (Barnes and Schuwerack, unpublished results) . Although the habitats of M. convexus and M. definitus overlapped in the middle of the mid mudflat, the former species dominated the upper part, and the latter the lower section of this part of the mudflat. Furthermore, M. definitus was found at reduced density together with U. dussumieri on the lower mudflat with fine-grained sediments and significantly reduced food concentration, as indicated by a lower food biomass (Barnes and Schuwerack, unpublished results; see also Weis and Weis, 2002) . Birds, especially egrets, were spotted on several occasions feeding on various types of invertebrates on the lower mudflat.
Gender-and Species Differences in Feeding in the M. convexus and M. definitus
The results revealed that the rates of scoops of food brought to the mouth per minute in male M. convexus were significant less compared with those of females. Several studies have shown that the larger chelae of male Uca may reduce the overall food intake and scoop rates (Murai et al., 1983; Caravello and Cameron, 1987; Weissburg, 1992 Weissburg, , 1993 . However, during the present study, males of M. definitus with smaller sub-equal chelae also performed fewer mean feeding movements per minute than in females. Furthermore, there seem to be no differences in feeding movements between the males of the two Macrophthalmus species, but male heterochelous Uca spp., do show fewer scoop rates (13-33 scoops min À1 ; Weis and Weis, 2002) than M. convexus. This may be due to male Macrophthalmus using both chelae to feed, in contrast to Uca feeding entirely with the minor chela (Valiela et al., 1974; Davis, 1987; Marriappan et al., 2000) . On the other hand, the high variation in scoop rates of males and female U. vocans (males: 32 6 21.3 min À1 , females: 34 6 22.1 min À1 ) and U. tetragonon (males: 13.23 6 12.1 min À1 , females: 17.06 6 13.1 min À1 ) and similar scoop rates of both genders of U. dussumieri (males: 28.2 6 9.6 min À1 , females: 27.08 6 15.5 min À1 ; Weis and Weis, 2002) indicates that scoop rate is not dependant or constrained by chela size alone. In evolutionary terms, a more important factor in intake and scoop rates may be the morphology of the dactylus and the arrangements or absence of the teeth and setae associated with it (see Barnes, 1967; Weissburg, 1993) .
Although male M. convexus displayed slower feeding movements than females, the crabs seem to scoop more food by picking or pinching several times before raising the chela to the mouthparts and therefore may ingest quantitatively higher food concentrations. Analysed faecal material of male M. convexus though was coarser than that of females and both genders of M. definitus, and included large aggregations of diatoms and algae, which may indicate that in males, at higher intake, food extraction rate may become limiting. In U. pugnax slower feeding results in higher extraction of food from sediment (see also Weissburg, 1993 ). An in-depth study on gender-and species-specific food ingestion, extraction and egestion in male M. convexus and M. definitus may provide a more complete understanding of metabolic adaptation and thus fitness within the morphological constrains in these crabs.
A wealth of studies following optimal foraging theory (Pyke, 1984) describe foraging behaviour in animals. This does not provide an understanding though about how chela size, i.e., intake and scoop rates, affect the total energy budget and ultimately the fitness of the animal (Crisp, 1984; Weissburg, 1992 Weissburg, , 1993 . A comparison of intake scoop rate with ingestion, with egestion, and with the availability and/ or choice of food concentration would provide a more complete analysis of the energetic costs and benefits. Preliminary analysis of biomass, i.e., relative Chl a concentration, during this study indicated a significant food gradient down the mudflat, which coincided with mean decreasing scoop rates of both crab species (Figs. 2 and 3) . Whether or not Macrophthalmus is stimulated and/or prefers to graze in certain areas and whether body and chelae size can secure better feeding grounds merits further investigations.
In conclusion, chela morphology was associated with significantly reduced feeding movements in male M. convexus, which do not seem to be related to overall chela size, but might be related to dactylus morphology.
